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DESCRIPTION 

PIEZOELECTRIC ELEMENT BASED ON 
SUPERHIGH -ORIENTED ALUMINUM NITRIDE THIN FILM AND 
MANUFACTURING METHOD THEREOF 

TECHNICAL FIELD 

The present invention relates to piezoelectric elements 
using a thin film, provided on a glass or other cheap 
substrate, in which aluminum nitride has a high c-axis 
orientation and manufacturing methods of such elements. 

BACKGROUND ART 

Aluminum nitride is a promising material in efforts to 
making more compact, thinner piezoelectric elements for, 
among other factors, its high fabricability into thin film. 
However, to utilize aluminum nitride as an piezoelectric 
element, the aluminum nitride needs to be oriented only along 
the c-axis. The more c-axis-oriented, the more piezoelectric. 
In addition, to use an aluminum nitride thin film as a 
piezoelectric element, the film needs be flanked on top and 
bottom by electrodes. 

Thin films of c-axis-oriented aluminum nitride have been 
reportedly produced on glass and other substrates by various 
methods (T. Shiosaki, T. Yamamoto, T. Oda, A. Kawabata, 



Appl. Phys. Lett., 36 (1980) 643). There are also reports about 
the production on electrode film. These aluminum nitride 
films however have great rocking curve full width half 
maximums (RCFWHMs) of about 3.0° or more, a measure of 
c-axis orientation, and insufficient piezoelectricity. 

Aluminum nitride films with superhigh c-axis orientation 
(2.5° or less in RCFWHM) are reported by, for example, F. 
Engelmark, G. F. Iriarte, I. V. Katardjiev, M. Ottosson, P. 
Muralt, S. Berg, J. Vac. Sci. Technol. A, 19 (2001) 2664. A 
monocrystal substrate is used as the substrate on which a 
monocrystal or polycrystalline thin film of aluminum nitride 
is directly formed. Therefore, no electrode can be provided 
between the substrate and the aluminum nitride thin film, 
which renders it difficult to use the film as an piezoelectric 
element. 

Aluminum nitride films show very large inherent internal 
stress. When fabricated on an electrode, the film may create 
cracks in the electrodes or peel off the substrate together with 
the electrodes, raising serious problems in the applying to 
piezoelectric elements. 

The present invention has an objective to provide a high 
performance piezoelectric element from an aluminum nitride 
thin film, with no hillocks or cracks, which does not peel off 
and exhibits superhigh c-axis orientation, by forming a 
bottom electrode from a W layer on a glass or like cheap 



substrate with no intervening adhesive layer. 

The present invention has another objective to provide a 
high performance piezoelectric element from an aluminum 
nitride thin film which exhibits similar superhigh c-axis 
5 orientation, by selecting a suitable material for the surface 

layer of the bottom electrode in the formation of the bottom 
electrode which is a stack body containing not only a W layer, 
but also an adhesive layer. Specific stack structures of the 
bottom electrode will be also proposed. 

10 The present invention provides an easy and cheap 

method of manufacturing a piezoelectric element based on the 
foregoing aluminum nitride thin film whereby the aluminum 
nitride thin film is given superhigh c-axis orientation with the 
occurrence of hillocks, cracks, and peeling being prevented 

15 through the control of particle shape. 

The present invention has a further objective to achieve 
an equivalent level of performance with a cheap glass 
substrate to that with a monocrystal substrate. 

The present invention has still another objective to 

20 provide a manufacturing method whereby the bottom 

electrode is formed by r.f. plasma-assisted sputtering to 
impart superhigh c-axis orientation to the aluminum nitride 
thin film. 
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DISCLOSURE OF INVENTION 



A piezoelectric element using a superhigh-oriented 
aluminum nitride thin film in accordance with the present 
invention is characterized in that: the piezoelectric element is 
free from hillocks, cracks, and peeling and includes a stack 
structure in which a bottom electrode, a piezoelectric body 
thin film, and a top electrode are sequentially formed on a 
substrate; the bottom electrode is made of an oriented W layer 
of which a (111) plane of W is parallel to a surface of the 
substrate; and the piezoelectric body thin film is formed of a 
c-axis-oriented aluminum nitride thin film having a rocking 
curve full width half maximum (RCFWHM) not exceeding 2.5°. 

Another piezoelectric element using a superhigh-oriented 
aluminum nitride thin film in accordance with the present 
invention is characterized in that: the piezoelectric element is 
free from hillocks, cracks, and peeling and includes a stack 
structure in which a bottom electrode, a piezoelectric body 
thin film, and a top electrode are sequentially formed on a 
substrate, the bottom electrode containing as a bottom layer 
an adhesive layer adhering to the substrate; the bottom 
electrode is made of a stack body; the stack body has a 
surface layer made of a metal layer having an 
electronegativity of around 1.4 and such an orientation that a 
crystal plane of a metal having an identical atomic 
configuration to an atomic configuration of the (001) plane of 
aluminum nitride and an almost equal atomic distance to an 



atomic distance on the (001) plane is parallel to a surface of 
the substrate; and the piezoelectric body thin film is formed 
of a c-axis-oriented aluminum nitride thin film having a 
RCFWHM not exceeding 2.5°. 

Another piezoelectric element using a superhigh-oriented 
aluminum nitride thin film in accordance with the present 
invention is characterized in that: the piezoelectric element is 
free from hillocks, cracks, and peeling and includes a stack 
structure in which a bottom electrode, a piezoelectric body 
thin film, and a top electrode are sequentially formed on a 
substrate, the bottom electrode containing as a bottom layer 
an adhesive layer adhering to the substrate; the bottom 
electrode is made a stack body containing as a surface layer 
such an oriented W, Pt, Au, or Ag layer that a (111) plane of 
W, Pt, Au, or Ag is parallel to a surface of the substrate; and 
the piezoelectric body thin film is formed of a c-axis-oriented 
aluminum nitride thin film having a RCFWHM not exceeding 
2.5°. 

A method of manufacturing a piezoelectric element using 
a superhigh-oriented aluminum nitride thin film in 
accordance with the present invention is characterized by 
including the sequential steps of: forming a bottom electrode 
on a substrate from such an oriented W layer that a (111) 
plane of W is parallel to a surface of the substrate by 
sputtering at a temperature from room temperature to a low 



temperature at which no spaces develop between W particles; 
and forming a piezoelectric body thin film of a c-axis-oriented 
aluminum nitride thin film having a RCFWHM not exceeding 
2.5° on the bottom electrode; and forming a top electrode on 
the piezoelectric body thin film. 

Another method of manufacturing a piezoelectric element 
using a superhigh-oriented aluminum nitride thin film in 
accordance with the present invention is characterized by 
including the sequential steps of: in forming, on a substrate, 
a bottom electrode of a two- or more-layered stack structure 
including an adhesive layer adhering to the substrate, firstly 
depositing the adhesive layer by sputtering at a temperature 
from room temperature to a low temperature at which no 
spaces develop between particles and then depositing as a 
surface layer of the bottom electrode a metal layer by 
sputtering at a temperature from room temperature to a low 
temperature at which no spaces develop between particles so 
that the metal layer exhibits such orientation that a crystal 
plane of a metal is parallel to a surface of the substrate, by 
using such a metal having an electronegativity of around 1.4 
that a crystal plane of the metal has an identical atomic 
configuration to an atomic configuration on a (001) plane of 
aluminum nitride and an almost equal atomic distance to an 
atomic distance on the (001) plane; forming a piezoelectric 
body thin film of a c-axis-oriented aluminum nitride thin film 



having a RCFWHM not exceeding 2.5° on the bottom electrode; 
and forming a top electrode on the piezoelectric body thin 
film. 

Another method of manufacturing a piezoelectric element 
using a superhigh-oriented aluminum nitride thin film in 
accordance with the present invention is characterized by 
including the sequential steps of: in forming, on a substrate, 
a bottom electrode of a two- or more-layered stack structure 
including an adhesive layer adhering to the substrate, firstly 
depositing the adhesive layer by sputtering at a temperature 
from room temperature to a low temperature at which no 
spaces develop between particles and then depositing as a 
surface layer an oriented W, Pt, Au, or Ag layer that a (111) 
plane of W, Pt, Au, or Ag is parallel to a surface of the 
substrate by sputtering at a temperature from room 
temperature to a low temperature at which no spaces develop 
between particles; forming a piezoelectric body thin film of a 
c-axis-oriented aluminum nitride thin film having a RCFWHM 
not exceeding 2.5° on the bottom electrode; and forming a top 
electrode on the piezoelectric body thin film. 

Additional objects, advantages and novel features of the 
invention will be set forth in part in the description which 
follows, and in part will become apparent to those skilled in 
the art upon examination of the following or may be learned 
by practice of the invention. 
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BRIEF DESCRIPTION OF DRAWINGS 

Figure 1 is an optical microscopic photograph (image) of 
the surface of an aluminum nitride thin film on a W thin film. 
5 Figure 2(a) and Figure 2(b) are optical microscopic 

photographs (images) of the surfaces of aluminum nitride thin 
films on a Ti/Au thin film (x800) and on an Al-Si thin film 
(x50) respectively. 

Figure 3(a) and Figure 3(b) are optical microscopic 
10 photographs (images) of the surfaces of aluminum nitride thin 

films on a Cr thin film (x500) and on a Ni thin film x500) 
respectively. 

Figure 4 is a drawing showing the relationship between 
the orientation of an aluminum nitride thin film and that of a 
15 bottom electrode thin film. 

Figure 5 is a drawing showing the relationship between 
the orientation of an aluminum nitride thin film and the 
electronegativity of a bottom electrode thin film. 

Figure 6(a) and Figure 6(b) are photographs of atomic 
20 force microscope (AFM) images of the surfaces of aluminum 

nitride thin films on a Ti/Pt thin film and on a Cr/Pt thin film 
respectively. 

Figure 7 is a conceptual drawing illustrating stress 
acting on a thin film. 
25 Figure 8(a) and Figure 8(b) are photographs of atomic 



force microscope (AFM) images of the surfaces of Pt thin films 
on a Ti thin film and on a Cr thin film respectively. 

Figure 9(a) to Figure 9(c) are photographs of atomic force 
microscope (AFM) images of the surfaces of aluminum nitride 
thin films on Ti/Pt thin films processed at different 
temperatures, i.e., room temperature, 300°C, and 400°C 
respectively. 

Figure 10(a) to Figure 10(c) are photographs of atomic 
force microscope (AFM) images of the surfaces of Pt thin films 
on Ti/Pt thin films processed at different temperatures, i.e., 
room temperature, 300°C, and 400°C. 

Figure 1 1 is a load vs. output graph. 

Figure 12 is a microscope photograph (image) of a 
scratch. 

Figure 13 is graph showing the relationship between 
pressure on a piezoelectric element and the electric charge it 
stores at different RCFWHMs. 

BEST MODE FOR CARRYING OUT THE INVENTION 

The following will describe the present invention in 

detail by way of embodiments examples, which are by no 

means limiting the present invention. 

A piezoelectric element in accordance with the present 

invention includes a stack structure in which a bottom 

electrode, a piezoelectric body thin film, and a top electrode 
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formed sequentially on a substrate. A premise here is that the 
piezoelectric element is free from hillocks, cracks, or peeling 
in the present invention, because hillocks, cracks, and 
peeling, if having occurred with the bottom electrode, the 
5 piezoelectric body thin film, or the top electrode, seriously 

damage the reliability of the piezoelectric element. 

In the present invention, the piezoelectric element is 
fabricated on a substrate. Thus its applications include 
pressure sensors and surface acoustic wave filters. In 
10 addition, the piezoelectric element can have improved 

sensitivity. 

The substrate used in the present invention may be 
either a monocrystal substrate, such as a sapphire substrate, 
or a non-monocrystal substrate, such as a glass substrate, a 

15 polycrystalline ceramic substrate, a metal substrate, and a 

resin substrate. The present invention is applicable to 
monocrystal substrates. The invention is also applicable to 
non-monocrystal substrates, forming a film of aluminum 
nitride (A1N) with superhigh c-axis orientation on such 

20 substrates. Notably, the invention is expected to contribute to 

the production of piezoelectric elements at low cost. 

The bottom electrode may be either a single metal layer 
or a stack body containing layers including an adhesive layer 
which adheres to the substrate. 

25 The bottom electrode, if it is a single metal layer, is 



preferably fabricated from a W layer oriented in such a 
manner that the (111) plane of the W is parallel to the 
substrate surface. 

If the bottom electrode is a stack body including an 
adhesive layer, the metal constituting the surface layer of the 
stack body preferably has an electronegativity between 1.3 
and 1.5 inclusive, more preferably an electronegativity of 
around 1.4. On top of these conditions, the metal preferably 
has a crystal plane on which the atoms show the same 
configuration with almost the same atomic distances as those 
on a (001) plane of aluminum nitride, because that metal well 
matches the (001) plane of aluminum nitride. Specifically, the 
crystal plane of such a metal does not differ from the (001) 
plane of aluminum nitride in lattice constant, allowing the 
aluminum nitride to grow without deforming. In addition, the 
surface layer of the bottom electrode is preferably made of a 
such a metal layer oriented in such a manner that the crystal 
plane of such a metal is parallel to the substrate, surface. 

A concrete example of a bottom electrode which is a 
stack body including an adhesive layer is a stack body 
containing a W, Pt, Au, or Ag surface layer oriented in such a 
manner that the (111) plane of the W, Pt, Au, or Ag is parallel 
to the substrate surface, because the (111) plane of W, Pt, Au, 
and Ag well matches the (001) plane of aluminum nitride. 
Specifically, the (111) plane of W, Pt, Au, and Ag does not 
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differ from the (001) plane of aluminum nitride in lattice 
constant. 

Other concrete, preferred examples are Ti/Pt and Cr/Pt 
double layer. The notation M A/B" indicates that the metal A 
5 sits on the substrate, that is, the first layer, and that the 

metal B sits on the metal A, that is, the second layer. Further 
examples include Ti/Pt/Au, Ti/Ni/Au, and Cr/Ni/Au triple 
layer. The notation "A/B/C n indicates that the metal A sits on 
the substrate, that is, the first layer, that the metal B sits on 

10 the metal A, that is, the second layer, and that the metal C 

sits on the metal B, that is, the third layer. 

With no intervening adhesive layer, the Pt, Au, or Ag 
bottom electrode grown on the substrate is likely to peel off 
and develop cracks under stress. The provision of an 

15 intervening adhesive layer effectively prevents peeling and the 

occurrence of cracks and hillocks. Besides, the adhesive layer 
enhances orientation on the (111) plane of Pt, Au, and Ag, 
thereby enabling an aluminum nitride thin film to form with 
super c-axis orientation. 

20 The piezoelectric body thin film of the present invention 

is made of a super-c-axis-oriented aluminum nitride thin film 
with a rocking curve full width half maximum (RCFWHM) of 
2.5° or less. Rocking curve measurement gives the deviation 
and range of the orientation of the crystal plane. Referring to 

25 Figure 13, there exists a correlation between the RCFWHM 
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and the electric charge stored in a piezoelectric element. The 
piezoelectric element stores more electric charge and shows 
better performance, with smaller RCFWHMs. In the present 
invention, the super-c-axis-oriented aluminum nitride thin 
5 film is defined as the aluminum nitride thin film with a 

RCFWHM of 2.5° or less. 

The top electrode of the present invention can be made 
up a metal, such as Al, Pt, Au, and Ag; an alloy primarily of 
these metals; a conductive oxide, such as ITO, iridium dioxide, 

10 ruthenium dioxide, rhenium trioxide, and LSCO 

(Lao.5Sro.5CoC>3); or a conductive nitride, such as tantalum 
nitride. These are mere examples, and any conductive 
substance may be used provided that the substance adheres 
well to the aluminum nitride thin film and causes no 

15 substantial stress. 

Now, a manufacturing method for the piezoelectric 
element of the present invention will be described. First, the 
substrate may be selected from monocrystal substrates, 
polycrystalline substrates, and amorphous substrates. In the 

20 present invention whereby a superhigh-c-axis-oriented 

aluminum nitride thin film can be grown regardless of the 
kind of substrate, however, it is preferable to select a 
polycrystalline substrate or an amorphous substrate. Glass 
substrates, especially, quartz glass substrates, are preferred. 

25 In the present invention, physical vapor deposition (PVD) 



is used, because a metal is used to form the bottom electrode 
regardless of whether the electrode contains or does not 
contain an adhesive layer. Example of PVD include: vacuum 
vapor deposition, such as resistance thermal vapor deposition 
and electron beam thermal vapor deposition; various 
sputtering, such as DC sputtering, high frequency sputtering, 
r.f. plasma-assisted sputtering, magnetron sputtering, ECR 
sputtering and ion beam sputtering; various ion plating, such 
as high frequency ion plating, activated vapor deposition, and 
arc ion plating; molecular beam epitaxy; laser abrasion; 
ionized cluster beam vapor deposition; and ion beam vapor 
deposition. The bottom electrode is grown of a predetermined 
metal or alloy by these processes, preferably, by sputtering, 
and especially preferably, by r.f. plasma-assisted sputtering. 
A suitable vapor deposition process is selected from these 
methods, depending on a vapor-deposited substance. 

The bottom electrode is deposited at low temperatures, 
preferably at room temperature. The temperature should 
however not be so low that spaces develop between metal 
particles constituting the bottom electrode. Spaces between 
particles would render the electrode more susceptible to 
cracks and peeling and a short circuit more likely between the 
top and bottom electrodes. 

Above those temperatures at which spaces develop 
between particles, the particles may grow during film 



deposition, which would smooth out the fine structures of the 
bottom electrode. When this is the case, a short circuit is 
hardly likely. The electrode may be deposited at such 
temperatures that the particle growth eliminates spaces 
between particles and produces flat fine structures. 

Deposition conditions are, for example, a pressure of 1.0 
x 10" 1 Pa, a nitrogen gas partial pressure ratio of 0%, no 
substrate heating, and a target introduction electric power of 
200 W. The film thickness is varied depending on the material. 
All these conditions may be suitably altered. 

To form a bottom electrode of a two- or more-layered 
stack structure including an adhesive layer adhering to the 
substrate on the substrate, first, the adhesive layer is 
deposited by sputtering at a low temperature at which no 
spaces develop between particles, preferably at room 
temperature. Next, on the adhesive layer is formed an 
electrode surface which well matches the (001) plane of 
aluminum nitride. The electrode surface is, for example, a 
metal with an electronegativity of around 1.4 having a crystal 
plane on which the atoms show the same configuration with 
almost the same atomic distances as those on a (001) plane of 
aluminum nitride. Using this metal, a metal layer where the 
crystal plane of the metal is parallel to the substrate surface 
is deposited on the surface layer of the bottom electrode by 
sputtering so that the layer is oriented, to complete the 
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bottom electrode. In this case, the deposition temperature is, 
as mentioned earlier, low, and at that temperature, no spaces 
develop between metal particles constituting the bottom 
electrode, preferably room temperature. 
5 Under these circumstances, the surface layer may be 

formed by sputtering a W, Pt, Au, or Ag layer oriented in such 
a manner that the (111) plane of the W, Pt, Au or Ag is 
parallel to the substrate surface. In this case, the deposition 
temperature is low, and at that temperature no spaces 
10 develop between the metal particles, preferably, room 

temperature. 

When forming a bottom electrode containing an adhesive 
layer, the bottom electrode is again preferably deposited by r.f. 
plasma-assisted sputtering. 

15 Depositing the bottom electrode at a low temperature 

provides a suitable surface layer to orient aluminum nitride 
and eliminates differences in thermal expansion for lower 
stress, allowing for no cracks, hillocks, or peeling. 

Next, a piezoelectric body thin film is deposited of a 

20 c-axis-oriented aluminum nitride thin film with a 2.5° or less 

RCFWHM on the bottom electrode. The step is performed by 
PVD, preferably by sputtering. Upon completion of the 
fabrication of the bottom electrode, the metal which is the 
electrode material constituting the surface layer of the bottom 

25 electrode is oriented in such a manner that the crystal plane 
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on which the atoms show the same configuration with almost 
the same atomic distances as those on the (001) plane of 
aluminum nitride is parallel to the substrate. Therefore, a bed 
surface forms which is equivalent to sapphire and other 
5 monocrystals. A super-c-axis-orientated aluminum nitride 

thin film is obtained by forming a thin film on the surface 
layer of the bottom electrode by PVD whereby the aluminum 
nitride is the target. Deposition conditions here are, for 
example, a pressure of 1.3 x 10 1 Pa, a nitrogen gas partial 
10 pressure ratio of 60%, a substrate temperature of 300°C, and 

a target introduction electric power of 200 W. The film 
thickness is 2000 nm. These conditions may be suitably 
altered. 

Then, a top electrode is formed on the piezoelectric body 
15 thin film. The top electrode material is formed by either PVD 

or CVD. A suitably vapor deposition process is selected 
depending on the vapor-deposited substance. 

Examples 

20 The following will describe the present invention in more 

detail by way of examples. Chemical elements are denoted by 
symbols in the present invention. 



25 



Fabrication of high orientation thin film 

The electrical properties of an aluminum nitride thin 
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film, including electromechanical coupling factor, is known to 
vary greatly depending on crystal orientation. Accordingly, to 
obtain a high orientation A1N thin film, effects of a bottom 
electrode and stack effects of a bottom electrode were 
examined. 

Example 1: Effects of bottom electrode 

Most researches into A1N thin film growth on a 
conductor have been conducted around the improvement of 
iron's corrosion resistance and the growth on Al electrodes for 
use in a surface acoustic wave (SAW) filter. Only a small 
number of researches have been conducted into the growth on 
other conductors. According to reports, the highest 
orientation A1N thin film so far is fabricated on an Au thin 
film on a glass substrate and exhibits a rocking curve full 
width half maximum of 3°. Accordingly, to find the high 
orientation A1N thin film on a bottom electrode, an A1N thin 
film was fabricated on 20 types of conductor thin films, to 
observe the effects of a crystal structure to the A1N thin film. 
Most of the 20 types of conductor thin films were processed 
by sputtering at room temperature. Table 1 shows XRD 
measurements on the obtained A1N thin films. The substrates 
were all made of glass. 

Specifically, each bottom electrode specimen was 
deposited on a quartz glass substrate (20 mm x 20 mm x 1.1 
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mm). Deposition conditions were a pressure of 1.0 x 10- 1 Pa, a 
nitrogen gas partial pressure ratio of 0%, no substrate 
heating, and a target introduction electric power of 200 W. 
The film thickness was varied depending on the material. The 
5 deposition conditions for aluminum nitride were a pressure of 

1.3 x 10" 1 Pa, a nitrogen gas partial pressure ratio of 60%, a 
substrate temperature of 300°C, a target introduction electric 
power of 200 W, and a film thickness of 2000 nm. 
Table 1 



XRD measurements of AIN thin films on conductive body thin films 



Conductive body 


RCFWHM(° ) 


Integrated (002) 
peak intensity 


c-axis 
length (A) 


(002) peak lull width 
half maximum (° ) 


Au-Cr 


5.75 


530814 


4.980 


0.25 


Al-Cu 


7.24 


263574 


4.986 


0.28 


Al-Si 


5.67 


401799 


4.986 


0.26 


Al-Cu-Si 


6.76 


276111 


4.986 


0.27 


Al## 


5.67 


401799 


4.986 


0.26 


Ni 


9.43 


148275 


4.982 


0.28 


Cr 


1034 


51359 


4.988 


0.25 


Ta 


4.49 


379861 


4.988 


0.28 


Nb 


4.17 


280364 


4.990 


0.28 


Fe 


4.68 


227047 


4.990 


0.29 


W 


2.14 


5434083 


4.982 


0.19 


Ti/Pt 


2.06 


6554966 


4.982 


0.18 


Ti/Ir 


6.53 


225899 
10381(103) 


4.986 


0.27 


Ti/Au 


1.57 


** 


4.982 


0.16 


Ti/Pd 


4.01 


728326 


4.982 


0.23 


Ti/Rh 


4.60 


1102793 


4.986 


0.18 


Ti/Ag 


2.44 


2136965 


4.982 


0.19 


Ti/Mo 


7.33 


246529 
3858 (103) 


4.982 


0.27 


Ti / Ru * * 











** Outside instrument's scale 

* * Peeled off 

## Deposited in vacuum 
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Al-Si, Ni, Cr, and like materials are often used with 
semiconductors; if they can be used to form an electrode, they 
come in handy when the aluminum nitride piezoelectric 
element is integrated into a semiconductor device. 
Disappointedly, however, these materials had a high RCFWHM 
and developed many cracks. Pt and Au, if formed directly on a 
quartz substrate, did not adhere to the substrate well, 
resulting in frequent peeling. To address the problem, an 
adhesive layer of Ti, Cr, etc. was inserted. The measurements 
in Table 1 demonstrate that A1N thin films with superhigh 
orientation giving a rocking curve full width half maximum of 
about 2° were obtained on W, Ti/Pt, Ti/Au, and Ti/Ag. 

For double-layer bottom electrodes, the left side element 
sits on the substrate, i.e. the first layer. For example, the 
notation, "Ti/Pt," indicates that Ti is the first layer and Pt is 
the second layer. For triple-layer bottom electrode, the 
notation is in the form "first layer/ second layer/ third layer." 

Mass production with excellent microscopic crystal 
structure becomes difficult if macroscopic problems, such as 
cracks and peeling, occur. Accordingly, the A1N thin film 
surfaces were observed under an optical microscope. Results 
are shown in Figures 1, 2(a), 2(b), 3(a), and 3(b). Figure 1 is 
an optical microscopic photograph (x800) of the surface of an 
A1N thin film with superhigh orientation and high crystallinity 
which was formed on a W thin film. The surfaces of the A1N 
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thin films on W and Ti/Pt were smooth and uniform with no 
cracks or peeling observed at all as shown in Figure 1. 

In contrast, hillocks and large cracks were observed on 
the surface of the A1N thin films on Ti/Au and Ti/Ag as shown 
5 in Figure 2(a). To exploit the existing semiconductor 

technology, it is better to use Al-Si. However, high orientation 
could not given to the A1N thin film on a Al-Si thin film, and 
intense cracking was observed as shown in Figure 2(b). Figure 
3(a) and Figure 3(b) are optical microscopic photographs of 

10 the surfaces of A1N thin films on a Cr thin film and a Ni thin 

film for comparison. Numerous cracks and some pinholes 
were observed in the A1N thin films on a Cr thin film, a Ni 
thin film, etc. developed as shown in Figure 3(a) and Figure 
3(b). These results demonstrate that the A1N thin films on W 

15 and Ti/Pt exhibited high orientation and high crystallinity 

and developed no cracks, etc. Therefore, the W or Ti/Pt thin 
film form excellent bottom electrode thin films. 

To find out why the A1N thin film has an excellent 
crystal structure on W, Ti/Pt, Ti/Au, and Ti/Ag, we examined 

20 the relationship between the orientation of bottom electrode 

thin films and the orientation of the A1N thin films on those 
bottom electrode thin films and the relationship between the 
electronegativity of bottom electrode materials and the 
orientation of the A1N thin films on that bottom electrode thin 

25 films. Results are shown in Figure 4 and Figure 5. The 
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orientation of the A1N thin film tended to increase with 
increasing orientation of the bottom electrode thin film. Also, 
the orientation of the A1N thin film was high when the 
electronegativity of the bottom electrode material is around 
5 1.4. These results demonstrate that the A1N thin film on a 

conductor exhibited an excellent crystal structure when 
fabricated on a conductor with an electronegativity of around 
1.4. 



10 Example 2: Effects of stacked bottom electrode 

There has been no single report on stack effects of a 
bottom electrode for the A1N . thin film. Accordingly, we 
examined effects on the A1N thin film crystal structure, such 
as orientation and crystallinity, of two and three metal thin 

15 films being stacked together. 

We examined bottom electrodes containing Pt, i.e. Ti/Pt 
and Cr/Pt, which had high orientation and high crystallinity. 
The substrate was a quartz glass (20 mm x 20 mm x 1.1 mm). 
The deposition conditions for the bottom electrode were a 

20 pressure of 1.0 x 10 1 Pa, a nitrogen gas partial pressure ratio 

of 0%, no substrate heating, and a target introduction electric 
power of 200 W. The film thickness was varied depending on 
the material. In addition, the deposition conditions for the 
aluminum nitride were a pressure of 1.3 x 10 1 Pa, a nitrogen 

25 gas partial pressure ratio of 60%, a substrate temperature of 



300°C, and a target introduction electric power of 200 W. The 
film thickness was 2000 nm. 

Table 2 shows XRD results for the A1N thin films 
fabricated on these thin films. The change of the bottom 
5 segment from Ti to Cr greatly reduced the rocking curve full 

width half maximum of the A1N thin film from 2.06° to 0.40° 
and almost doubled the peak integrated intensity of the A1N 
(002) plane. The A1N (001) plane-to-plane distance (c-axis 
length) was 4.980 x 10" 8 m (4.980 angstroms). The A1N (001) 

10 plane-to-plane distances on the thin films were 4.982 x 10" 8 m 

(4.982 angstroms) and 4.984 x 10" 8 m (4.984 angstroms). It 
was inferred that the c-axis became a little longer and a 
compressive stress occurred perpendicular to the c-axis. 
These results demonstrate that the Cr thin film, although 

15 only a few tens of nanometers thick, greatly affected the 

crystal structure of the A1N thin film formed thereon. To the 
best of knowledge of the inventors, the only reported 
superhigh orientation A1N thin film with a rocking curve full 
width half maximum of 0.40° is made on a substrate of 

20 (X-AI2O3 monocrystal (sapphire) at substrate temperatures of 

500°C or higher. This is the first ever superhigh orientation 
A1N thin film made on a glass substrate at such a low 
temperature as 300°C. 



25 



Table 2 
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XRD measurements of A1N thin films on stacked thin films containing Pt 



Stack structure (nm) 


RCFWHMC ) 


Integrated (002) 
peak intensity 


c-axis 
length (A) 


(111) peak Ml width 
half maximum (° ) 


Ti(20)/Pt(200) 


2.06 


6554966 


4.982 


0.18 


Cr(40)/Pt(200) 


0.40 


10931000 


4.984 


0.12 



To find out effects of the bottom segment layers on the 
orientation and crystallinity of A1N thin films, the surfaces of 
the A1N thin films were observed under an atomic force 
microscope (AFM) which is a suitable tool to observe the 
surface of a very small area. Results are shown in Figure 6(a) 
and Figure 6(b). On a Ti/Pt thin film, the surface roughness 
(Ra) of the A1N thin film was 2.95 nm, with the surface formed 
by particles with a diameter of about 30 to 50 nm. See Figure 
6(a). In contrast, the surface roughness (Ra) of the A1N thin 
film on a Cr/Pt thin film which had high orientation was 
relatively low at 1.69 nm, with the surface formed by 
secondary particles (combined particles). See Figure 6(b). 
Despite that the Cr/Pt sample was made of relatively large 
particles, the surface roughness was low, and the surface was 
flat. These results demonstrate that the bottom segment 
metal thin film had large effects on the orientation and 
crystallinity of the A1N thin film, that is, on the growth of the 
A1N thin film and that the selection of a bottom segment 
metal thin film material was very important to obtain an A1N 
thin film with excellent crystallinity. 

To further examine the effects of the bottom segment Cr 
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thin film, the crystal structure of the intervening Pt thin film 
was examined by XRD. Results are shown in Table 3. When 
the Ti bottom segment was replaced by a Cr bottom segment, 
the Pt thin film exhibited an increased rocking curve full 
width half maximum and a greatly decreased integrated 
intensity. In addition, since the Pt (111) plane-to-plane 
distance (lattice constant) was 2.2650 x 10" 8 m (2.2650 
angstroms), the difference from the lattice constant of the Pt 
thin film became smaller. These results demonstrate that the 
use of a Cr bottom segment reduces the orientation and 
crystallinity of the Pt thin film. Initially, we had presumed 
that the A1N thin film on the Pt thin film would exhibit high 
orientation and high crystallinity because of the high 
orientation and high crystallinity of the Pt thin film, however, 
it was understood that the orientation and crystallinity of the 
Pt thin film were not major factors dictating the crystal 
structure of the A1N thin film. There had to be different major 
factors dictating the crystal structure of A1N thin film. In 
addition, as shown in Figure 7, from the changes of lattice 
constant, it is understood that the A1N thin film was under 
compressive stress and the Pt was under tensile stress. 



Table 3 
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XRD measurements of Pt thin films after fabrication of A1N thin films 



Stack structure (nm) 


RCFWHM (° ) 


Integrated (111) 
peak intensity 


Lattice 
constant (A) 


(002) peak full width 
half maximum f ) 


Ti/Pt 


2.49 


2380732 


2245 


0.28 


Cr/Pt 


8.52 


174918 


2.255 


r 0.36 



To find out major factors dictating the crystal structure 
of the A1N thin film, the both Pt thin films were observed 
under a atomic force microscope (AFM). Results are shown in 
Figure 8(a) and Figure 8(b). On the Ti thin film, the surface 
roughness (Ra) of the Pt thin film was 1.99 nm, with the 
surface formed by uniform particles with a diameter of about 
50 nm (Figure 8(a)). In contrast, on the Cr thin film, the 
surface roughness (Ra) of the Pt thin film was 4.09 nm. Some 
particles with a diameter of about 200 nm were observed, and 
the surface was not uniform. Where there were no particles, 
the surface was very flat. See Figure 8(b). From these results, 
we inferred that the improved orientation and crystallinity of 
the A1N thin film with a Cr bottom segment was caused by the 
drop in the surface roughness, that is, the improved flatness, 
of the Pt thin film. 

Next, we examined stack effects of bottom electrodes 
containing Au, i.e. Ti/Au, Ti/Pt/Au, Ti/Ni/Au, and Cr/Ni/Au. 
Results are shown in Table 4. The rocking curve full width 
half maximum was substantially around 1.6° for all the 
samples. There were no significant differences. No significant 
differences were found either for the (002) peak integrated 
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intensity. Therefore, no stack effects were observed with the 
Au-containing thin film in contract to the Pt-containing thin 
film. 



5 Table 4 



Effects of thin film stack structure containing Au layer on AIN thin films 



Stack structure (nrn) 


RCFWHMf ) 


Integrated (002) 
peak intensity 


c-axis 
length (A) 


(002) peak lull width 
half maximum (° ) 


Ti/Au 


1.57 


* 


4.982 


0.16 


Ti fPt /Au 


1.57 


7357359 


4.986 


0.15 


Ti /Ni /Au 


1.56 


6666020 


4.986 


0.17 


Cr /Ni /Au 


1.77 


7352273 


4.982 


0.16 



* Immeasurable 



To find out why no stack effects were observed with 
Au-containing electrodes, the crystal structure of Au thin film 
samples were examined by XRD. Results are shown in Table 
10 5. 



Table 5 



XRD measurements of Au thin film stack structure 



Stack structure (nm) 


RCFWHM (° ) 


Integrated (111) 
peak intensity 


Lattice 
constant (A) 


(111) peak Ml width 
. half maximum (° ) 


Ti/Au 


* 


* 


* 


* 


Ti/Pt/Au 


1.62 


7158859 


2334 


0.27 


Ti/Ni/Au 


436 


1262213 


2325 


031 


Cr/Ni/Au 


6.60 


651529 


2317 


0.26 



* Outside instrument's scale 



The peak rocking curve full width half maximum of the 
15 Au (111) plane varied greatly from 1.62 to 6.60°. The 
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integrated intensity also varied greatly, by a whole order of 
magnitude. In addition, the Au (111) plane-to-plane distance 
was 2.3550 x 10 8 m (2.3550 angstroms). The Au lattice 
constant was, however, short for all the electrodes. The lattice 
5 constant for Cr/Ni/Au was the shortest at 2.317 x 10- 8 m 

(2.317 angstroms). This was presumably due to large tensile 
stress acting on the Au thin film. These results demonstrate 
that A1N thin films on Au-containing electrodes exhibited high 
orientation and high crystallinity regardless of the orientation 

10 and crystallinity of the Au. In this case, the flatness of the 

thin film surface was again inferred to be a major factor. In 
addition, the A1N thin film is under compressive stress, and 
the Au thin film is under tensile stress, as shown in Figure 7. 
Similar comparison was made for Al and Al-containing 

15 (Cr/Al) electrodes. Results are shown in Table 6. The rocking 

curve full width half maximum dropped from 5.88° to 2.57°. 
The integrated intensity increased from 600,000 to 2,090,000 
(cps). These results demonstrate that Al-containing bottom 
segment thin films greatly affect the orientation and 

20 crystallinity of the A1N thin film, that is, the growth, of the 

A1N thin film. Therefore, to obtain an A1N thin film with 
excellent crystallinity, the selection of material for the bottom 
segment metal thin film should be given due consideration. 
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Table 6 
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Effects of thin film stack structure containing Al layer on AiN thin films 



Stack structure (nm) 


RCFVVHM (° ) 


Integrated (002) 
peak intensity 


c-axis 
length (A) 


(002) peak Hill width 
half maximum C ) 


Cr/Al EB vapor deposition 


2.57 


2091808 


4.986 


0.20 


AI (AIST) 


5.88 


605246 


4.982 


0.26 



In examples 1, 2, the effects of the bottom electrode and 
the stacking thereof were examined for the purpose of 
fabricating a superhigh orientation A1N thin film. The 
5 examination revealed that the orientation, crystallinity, etc. of 

the A1N thin film undergo substantial changes depending on 
the type of bottom electrode and the stack structure of the 
bottom electrode. In other words, the examination of the 
effects of the bottom electrode led to successful fabrication of 

10 high orientation A1N thin films on W, Ti/Au, Ti/Ag and Ti/Pt 

thin films. However, hillocks and large cracks were observed 
on the A1N thin films formed on Ti/Au and Ti/Ag thin films. 
Ti/Au and Ti/Ag turned out unfit for bottom electrode 
material. In contrast, the surface of the A1N thin films on W 

15 and Ti/Pt were uniform and almost free from cracks and 

peeling, which demonstrated that W or Ti/Pt were suitable 
bottom electrode materials. The bottom electrode materials 
commonly tend to exhibit improved orientation and 
crystallinity of the A1N thin film with increased orientation 

20 and crystallinity of the bottom electrode. In addition, 

materials having an electronegativity of around 1.4 are 
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suitable electrode materials. 

Examining the stack effects of the bottom electrode 
revealed that when the thin film contains Pt, the bottom 
segment thin film material greatly affect the orientation and 
crystallinity of the A1N thin film, that is, the growth of the A1N 
thin film. To obtain an A1N thin film with excellent 
crystallinity, the bottom segment substance should be 
optimized. It is inferred that Cr bottom segments improve the 
orientation and crystallinity of the A1N thin film because of 
the reduced surface roughness (increased flatness) of the Pt 
thin film. For Al-containing thin films, large effects were 
again observed due to Cr. For Au-containing thin films, 
however, little change was observed. 

These results show that A1N thin films with superhigh 
orientation (rocking curve full width half maximum = 0.4°) are 
obtainable on a glass substrate at low temperatures, if the W 
thin film, Ti/Pt stack thin film, or Cr/Pt stack thin film is 
used for the bottom electrode. 

Prevention of cracks and short-circuits 

Cracks and pinholes are possible causes of the 
short-circuiting of the top and bottom electrodes. To prevent 
the occurring of these cracks and pinholes, the effects of the 
fabrication temperature of the bottom electrode and those of 
the fabrication method of the bottom electrode were examined. 



In addition, to evaluate the reliability of the A1N thin film as 
sensors and other piezoelectric elements, the adhesion 
strength of the A1N thin film was evaluated. 

Example 3: Effects of fabrication temperature of bottom 
electrode 

Possible causes of cracks and peeling are differing 
thermal expansion coefficients of the substrate and bottom 
electrode and the A1N. Accordingly, to reduce the effects of 
the differing thermal expansion coefficients for prevention of 
cracks and peeling, the effects of the fabrication temperature 
of the bottom electrode was examined. Ti/Pt thin films with 
high orientation were used as bottom electrodes. Ti/Pt bottom 
electrodes were fabricated at room temperature, 300°C, and 
about 400°C. The top electrode was an Al thin film fabricated 
by vacuum vapor deposition. Three samples were 
simultaneously fabricated at different temperatures, to 
examine short-circuiting of the samples. 

When the bottom electrode was fabricated at room 
temperature, all the samples experienced no short circuiting. 
In contrast, when the bottom electrode was fabricated at 
300°C, one third of the samples experienced no short 
circuiting. When the bottom electrode was fabricated at 400°C, 
none of the samples experienced short circuiting. The results 
demonstrate that the Ti/Pt bottom electrode should be 
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fabricated at either room temperature or 400°C to fabricate 
samples with no short circuiting. 

To examine the effects of the fabrication temperature of 
the bottom electrode on the crystal structure of the A1N thin 
5 film, the crystal structure of the samples were measured by 

XRD. Results are shown in Table 7. The higher the fabrication 
temperature of the Ti/Pt bottom electrode thin film, the 
greater the rocking curve full width half maximum of the 
(002) plane of the A1N thin film, and the lower the peak 

10 integrated strength of the (002) plane. No effects of the 

fabrication temperature on the c-axis length were observed. 
C-axis lengths were all about 4.980 x 10" 8 m (4.980 angstroms). 
No internal stress occurred. The results demonstrate that the 
higher the fabrication temperature of the Ti/Pt bottom 

15 electrode thin film, the lower the orientation and crystallinity 

of the A1N thin film. Therefore, the bottom electrode thin film 
should be fabricated at room temperature to obtain an A1N 
thin film with no short circuits with high orientation and high 
crystallinity. 

20 

Table 7 

XRD measurements of AIN thin films on bottom electrode thin films fabricated at different temperatures 



Temperature 


RCFWHMC 5 ) 


Integrated (002) 
peak intensity 


c-axis 
length (A) 


(002) peak full width 
half maximum (° ) 


Room temperature 


2.18 


6554966 


4.982 


^ 0.18 


300^ 


2.19 


6140362 


4.982 


0.18 


4001C* 


2.68 


3379954 


4.982 


0.21 



* AIN thin films also fabricated at 400^. 
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To further examine the effects of fabricate conditions for 
the bottom electrode, the surface shape of the samples were 
examined under an atomic force microscope. Results are 
shown in Figure 9(a) to Figure 9(c). Measurements of the 
5 surface roughness and mean particle diameters are shown in 

Table 8. Referring to Figure 9(a) to Figure 9(c), the higher the 
fabrication temperature of the Ti/Pt thin film, the greater the 
size of the particles forming the A1N thin film. Many spaces 
were observed between particles for 300°C. However, for 

10 400°C, the particle diameter grew, but no spaces between 

particles were observed. In addition, the surface roughness 
also tended to increase with increasing fabrication 
temperature and reached 17.9 nm at 400°C. These results 
demonstrate that the fabricated samples do not experience 

15 short circuiting at room temperature and 400°C, because the 

formed film included no spaces and is of very fine structure. 

Table 8 

Surface roughness and mean particle diameter of A1N thin films on electrodes fabricated at different temperatures 



Temperature 


Surface roughness (Ra) (nm) 


Mean particle diameter (nm) 


Room temperature 


1.6 


28.5 


300*0 


3.1 


52.1 


4oot: 


17.9 





20 



To examine direct effects of the fabrication temperature 
of the bottom electrode on the Pt thin film, the crystal 
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structure of the Pt thin film were measured by XRD. Results 
are shown in Table 9. The higher the fabrication temperature, 
the lower the rocking curve full width half maximum of the 
(111) plane of the Pt thin film, and the lower the integrated 
5 intensity. No peak was observed with the Pt thin film for 

400°C. These results demonstrate that the higher the 
fabrication temperature, the lower the orientation and 
crystallinity of the Pt thin film. Therefore, it is inferred that 
the higher the fabrication temperature of the bottom electrode, 
10 the lower the orientation and crystallinity of the A1N thin film, 

because the orientation and crystallinity of the Pt thin film 
which is the bottom electrode falls with fabrication 
temperature. 

15 Table 9 

XRD measurements of Pt thin films after vapor deposition of A1N thin films 



Temperature 


RCFWHM (° ) 


Integrated (111) 
peak intensity 


Lattice 
constant (A) 


(111) peak fill! width 
half maximum (° ) 


Room temperature 


2.49 


2380732 


Z245 


0.28 




7.15 


316850 


2.254 


0.26 


40CTC 


+ 


* 


* 


* 



* No peak observed for Pt 



To understand the surface shape of the Pt thin film 
samples in detail, an atomic force microscope was used in 
observation. Results are shown in Figure 10(a) to Figure 10(c). 
20 In addition, measurements of the surface roughness and 

mean particle diameters of Pt thin films fabricated at different 
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temperatures are shown in Table 10. The higher the 
fabrication temperature of the Ti/Pt thin film, the greater the 
size of the particles forming the Pt thin film, and the greater 
crystal the particles formed. The surface roughness also 
tended to increase and showed remarkable increases for 
400°C. These results demonstrate that the changes in the 
surface roughness and mean particle diameter of the A1N thin 
film with the fabrication temperature of the bottom electrode 
thin film were due to large changes in the surface roughness 
and mean particle diameter of the Pt thin film which is the 
bottom electrode with the fabrication temperature. Therefore, 
fabricating the bottom electrode at room temperature 
produces smooth-surfaced A1N thin films with no short 
circuits which exhibit high orientation and high crystallinity. 

Table 10 

Effects of fabrication temperature on surface roughness and mean particle diameter 



Temperature 


Surface roughness (Ra) (nm) 


Mean particle diameter (nm) 


Room temperature 


1.9 


65.9 


3oot: 


2.8 




4o<rc 


15.9 





The effects of fabrication temperature on short circuiting 
were examined further on four other bottom electrode 
materials (Cr/Pt, Ti/Pt/Au, Ti/Ni/Au, Cr/Ni/Au). Results are 
shown in Table 11. 
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Table 11 



Sample short tests 



Bottom electrode 


Fabrication 


Sample No. 


structure 


temperature 




® 




Cr/Pt 


Room temperature 


X 


O 


O 




300 


O 


O 


O 


Ti/Pt/Au 


Room temperature 


O 


O 


O 




300 


X 


o 


X 


Ti/Ni/Au 


Room temperature 


X 


X 


O 




300 


X 


o 


X 


Cr/Ni/Au 


Room temperature 


O 


o 


O 




300 


O 


O 


o 


O : No Short 


X : 


Short 







The effects of fabrication temperature on short circuiting 
were examined also on a Cr/Pt bottom electrode. Two thirds 
of the Cr/Pt thin film samples fabricated at room temperature 
experienced no short circuiting. None of those fabricated at 
300°C experienced short circuiting at all. So, in the case of 
Cr/Pt, fabricating at 300°C produced samples which were 
unlikely to see short circuiting. This was a different result 
from the case of Ti/Pt. Table 12 shows XRD measurements on 
A1N thin films differing in the fabrication temperature of the 
bottom electrode. In the case of Cr/Pt, the orientation and 
crystallinity again dropped when the fabrication temperature 
reached 300°C. These results were similar to those of the 
Ti/Pt case. In addition, no Pt peak was observed for 300°C. 
From these facts, Cr/Pt particles presumably undergo a 
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different growth from Ti/Pt at 300°C, attaining different 
results. 



Table 12 

XRD measurements of A1N thin films on Cr/Pt bottom electrode fabricated at different temperatures 



Temperature 


RCFWHM (° ) 


Integrated (002) 
peak intensity 


c-axis 
length (A) 


(002) peak full width 
half maximum (° ) 


Room temperature 


0.40 


10931000 


4.984 


0.12 


300*0 


Zll 


5789083 


4.988 


0.17 



5 

The effects of the fabrication temperature were also 
examined on Ti/Pt/Au bottom electrodes. All Ti/Pt/Au thin 
film samples fabricated at room temperature experienced no 
short circuiting. One third of those fabricated at 300°C saw 

10 short circuiting. These results were similar to those of the 

Ti/Pt case. Table 13 shows XRD measurements on A1N thin 
films differing in the fabrication temperature of the bottom 
electrode. In the case of Ti/Pt/Au, the orientation and 
crystallinity again dropped when the fabrication temperature 

15 reached 300°C. These results were similar to those of the 

Ti/Pt case. In addition, no Au peak was observed for 300°C. 
From these facts, it is inferred that short circuiting occurs at 
300°C, presumably because Ti/Pt/Au particles undergo a 
similar growth to Ti/Pt, creating spaces between particles. 

20 



Table 13 
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XRD measurements of AIN thin films on Ti/Pt/Au bottom electrode fabricated at different temperatures 



Temperature 


RCFWHMC ) 


Integrated (002) 
peak intensity 


c-axis 
length (A) 


(002) peak full width 
half maximum (° ) 


Room temperature 


1.57 


7357359 


4.986 


0.15 


300^ 


1.95 


6815766 


4.988 


0.16 



The effects of the fabrication temperature were also 
examined on Ti/Ni/Au bottom electrodes. Two thirds of 
5 Ti/Ni/Au thin film samples fabricated at room temperature 

experienced no short circuiting. One third of samples 
fabricated 300°C experienced no short circuiting. Table 14 
shows XRD measurements on AIN thin films differing in the 
fabrication temperature of the bottom electrode. In the case of 

10 Ti/Ni/Au, when the fabrication temperature reached 300°C, 

the orientation dropped, whereas the crystallinity improved. 
These results were different from, for example, Ti/Pt. In 
addition, no Ni and Au peaks were observed for 300°C. From 
these facts, it is inferred that short circuiting occurs at room 

15 temperature and at 300°C, presumably because Ti/Ni/Au 

particles undergo a different growth from Ti/Pt, etc., creating 
spaces between particles. 

20 Table 14 
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XRD measurements of A1N thin films on Ti/Ni/Au bottom electrode fabricated at different temperatures 



Temperature 


RCFWHM(° ) 


Integrated (002) 
peak intensity 


c-axis 
length (A) 


(002) peak full width 
half maximum (° ) 


Room temperature 


1.56 


6666020 


4.986 


0.17 


30013 


1.78 


7598293 


4.988 


0.16 



The effects of the fabrication temperature were also 
examined on Cr/Ni/Au bottom electrodes. No Cr/Ni/Au thin 
film samples experienced short circuiting regardless of the 
fabrication temperature. Table 15 shows XRD measurements 
on A1N thin films differing in the fabrication temperature of 
the bottom electrode. In the case of Cr/Ni/Au, the orientation 
and crystallinity improved when the fabrication temperature 
reached 300°C. These results were different from, for example, 
Ti/Pt. In addition, no Ni and Au peaks were observed for 
300°C. From these facts, it is inferred that no short circuiting 
occurs at room temperature and 300°C, presumably because 
Cr/Ni/Au particles undergo a different growth from Ti/Pt, etc., 
creating a fine structure film. 



Table 15 
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XRD measurements of A1N thin films on Cr/Ni/Au bottom electrode fabricated at different temperatures 



Temperature 


RCFWHMC ) 


Integrated (002) 
peak intensity 


c-axis 
length (A) 


(002) peak full width 
half maximum C ) 


Room temperature 


1.77 


7352273 


4.982 


0.16 


300*0 


1.66 


9033786 


4.988 


0.15 



Example 4: Effects of fabrication method of bottom electrode 

Ti/Pt bottom electrode thin films were fabricated using a 
DC (DC) sputtering device to examine effects of different 
fabrication methods. Table 16 shows XRD measurements on 
A1N thin films fabricated on different thin films. The rocking 
curve full width half maximum was narrow, and the 
integrated intensity was high, with samples fabricated by r.f. 
plasma-assisted sputtering (RF). Insulation was also 
examined. None of the samples fabricated by r.f. 
plasma-assisted sputtering experienced short circuiting. Two 
thirds of those fabricated by DC sputtering experienced no 
short circuiting. These results show that r.f. plasma-assisted 
sputtering is better in fabricating Ti/Pt thin films. 



Table 16 



XRD measurements of AIN thin films on Ti/Pt thin films 



Fabrication process 


RCFWHMC ) 


Integrated (002) 
peak intensity 


c-axis 
length (A) 


(002) peak full width 
half maximum (° ) 


RF 


2.06 


6554966 


4.982 


0.18 


DC 


2.61 


2429798 


4.982 


0.21 



DC: Direct current sputtering RF: R.f. plasma-assisted sputtering 
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To examine causes of the difference, the crystal 
structure of Pt thin films was examined by XRD. Results are 
shown in Table 17. No significant differences were found in 
the full width half maximum and integrated strength of the 
5 (111) peak. These facts confirmed no effects of the different 

fabrication methods on the crystal structure of the Pt thin 
film. We assume flatness as a likely cause of effects. 

Table 17 



XRD measurements of Pt thin films 



Fabrication process 


RCFWHMC ) 


Integrated (ill) 
peak intensity 


Lattice 
constant (A) 


(111) peak full width 
half maximum (° ) 


RF 


2.49 


2380732 


2.245 


0.28 


DC 


2.62 


1955266 


2.251 


0.29 



DC: Direct current sputtering RF: R.f. plasma-assisted sputtering 



Example 5: Evaluation of thin film adhesion strength 

Thin films, if easy to peel off, are very difficult to use as 
sensor elements. Accordingly, the adhesion strength of A1N 
thin films needs be measured. The adhesion strength of A1N 
thin films were evaluated by scratch tests with a scan scratch 
tester (Shimazu SST-101). A load-cartridge output graph is 
shown in Figure 11. A microscopic photograph (xl50) of a 
scratch is shown in Figure 12. 

Details of scratch test conditions are shown in Table 18. 
Three scratch tests were conducted. The mean peel-off load 



10 



15 



20 
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was 169.2 mN, the standard deviation 1.0, and coefficient of 
variation 0.6%. Measurement was performed with good 
reproducibility. Peel-off loads were readily obtained from 
scratch images in the microscope vision (see Figure 12). The 
peel-off load of 169.2 mN under these measurement 
conditions is higher than typical thin film adhesion strength, 
indicating that the adhesion strength of the A1N thin film is 
sufficient for sensor element use. 

Table 18 



Measurement conditions for scratch test equipment 



Cartridge tip diameter (mm) 


15 


Full-scale load (mN) 


200 


Load rate ( ju m/s) 


2 


Width ((jm) 


100 


Feed rate ( m m/s) 


10 



In examples 3, 4, and 5, cracks and pinholes were 
possible causes of the short circuiting of the top and bottom 
electrodes. To prevent the occurring of these cracks and 
pinholes, the effects of the fabrication temperature of the 
bottom electrode and those of the fabrication method of the 
bottom electrode were examined. If a Ti/Pt thin film was used 
as the bottom electrode, fabrication at room temperature or 
400°C produced samples with no short circuits. The samples 
fabricated at room temperature or 400°C experienced no short 
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circuiting, because a fine structure film was formed without 
there being any spaces between particles. In addition, the 
orientation and crystallinity of the A1N thin film decreased 
with an increase in the fabrication temperature of the bottom 
electrode, presumably because the orientation and 
crystallinity of the Pt thin film which was the bottom 
electrode decreased with fabrication temperature. These 
results indicate that fabricating the bottom electrode at room 
temperature produces smooth-surfaced A1N thin films with no 
short circuits which exhibit high orientation and high 
crystallinity. 

The effects of fabrication temperature on short circuiting 
were examined further on four other bottom electrode 
materials (Cr/Pt, Ti/Pt/Au, Ti/Ni/Au, Cr/Ni/Au). The effects 
of the fabrication temperature turned out differing depending 
on the stack structure of the electrode thin film. None of 
Cr/Pt samples fabricated at 300°C, none of Ti/Pt/Au samples 
at room temperature, and none of Cr/Ni/Au samples at any 
temperature experienced short circuits. 

Examining the effects of electrode fabrication methods, 
comparing r.f. plasma-assisted sputtering and DC sputtering, 
none of the samples fabricated by r.f. plasma-assisted 
sputtering experienced short circuiting. By r.f. 
plasma-assisted sputtering, the probability of no short 
circuits was improved. 
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The adhesion strength of A1N thin films was evaluated by 
a scratch test with a scratch tester. A peel-off load of 169.2 
mN was obtained. The A1N thin film was confirmed to have a 
relatively high adhesion strength. 

To apply the present example to the development of 
mass production technology for aluminum nitride thin films, 
we reviewed the fabrication of high-oriented aluminum nitride 
(A1N) thin films, measures which prevent cracks and other 
factors from leading to short circuits, the improvement of 
sensitivity of thin films, and the identification of mass 
production deposition conditions. As a result, by optimizing 
the type and stack structure of the bottom electrode, a 
superhigh orientation A1N thin film with a rocking curve full 
width half maximum of 0.4° was fabricated on a glass 
substrate. In addition, by optimizing the electrode fabrication 
temperature and fabricating the bottom electrode by r.f. 
plasma-assisted sputtering to fabricate thin films with no 
short circuits, the probability of short circuits could be 
reduced. 

As a result, the effects of the fabrication temperature 
differed depending on the stack structure of the electrode thin 
film. None of Cr/Pt samples fabricated at 300°C, Ti/Pt/Au 
samples at room temperature, and Cr/Ni/Au samples at any 
temperature experienced short circuits. Fabrication by r.f. 
plasma-assisted sputtering could reduce the probability of 
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short circuits. In addition, measurements of adhesion 
strength between the A1N thin film and the glass substrate 
revealed a relatively high strength. 

It is preferable in a piezoelectric element based on the 
5 superhigh-oriented aluminum nitride thin film if the bottom 

electrode contains either two layers of Ti/Pt or Cr/Pt or three 
layers of Ti/Pt/Au, Ti/Ni/Au, or Cr/Ni/Au. The notation 
"A/B" indicates that the metal A sits on the substrate, that is, 
the first layer, and that the metal B sits on the metal A, that 

10 is, the second layer. The notation "A/B/C" indicates that the 

metal A sits on the substrate, that is, the first layer, that the 
metal B sits on the metal A, that is, the second layer, and 
that the metal C sits on the metal B, that is, the third layer. 

It is preferable in a piezoelectric element based on the 

15 superhigh-oriented aluminum nitride thin film if the 

substrate is a glass substrate. 

It is preferable in a manufacturing method of a 
piezoelectric element based on the superhigh-oriented 
aluminum nitride thin film if a glass substrate is used as the 

20 substrate. 

It is preferable in a manufacturing method of a 
piezoelectric element based on the superhigh-oriented 
aluminum nitride thin film if the bottom electrode is 
deposited by r.f. plasma-assisted sputtering. 

25 The embodiments and examples described in Best Mode 
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for Carrying Out the Invention are for illustrative purposes 
only and by no means limit the scope of the present invention. 
Variations are not to be regarded as a departure from the 
spirit and scope of the invention, and all such modifications 
5 as would be obvious to one skilled in the art are intended to 

be included within the scope of the claims. 



INDUSTRIAL APPLICABILITY 

Despite using glass or other cheap substrates, the 

10 present invention has successfully provided a high 

performance piezoelectric element by forming a bottom 
electrode from a W layer on the substrate without an 
intervening adhesive layer. The invention further achieved 
both high performance and high quality. "High quality" refers 

15 to the absence of hillocks, cracks, and peeling. "High 

performance" means that the piezoelectric element of the 
invention is substantially equivalent to piezoelectric elements 
on monocrystal substrates. The significance of the present 
invention is that it has made it possible to provide 

20 piezoelectric elements based on high performance, high 

quality aluminum nitride thin films formed on glass and other 
cheap substrates. Further, the present invention has 
successfully provided a high performance, high quality 
piezoelectric element on cheap substrates by selecting a 

25 suitable material for the surface layer of the bottom electrode 



in forming not only a single W layer, but also a bottom 
electrode which is a stack body including an adhesive layer. 
Further, the present invention has successfully provided a 
manufacturing method for the high performance, high quality 
piezoelectric elements which causes no hillocks, cracks, or 
peeling, by controlling particle shape and in addition 
depositing by r.f. plasma-assisted sputtering. 

The present invention can form aluminum nitride thin 
films with superhigh c-axis orientation not only on 
monocrystal substrates, but also on quartz glass and other 
cheap and numerous kinds of substrates, by considering the 
matching of the crystal structures of the bottom electrode and 
the aluminum nitride to form a suitable surface crystal 
structure as an attempt to eliminate substrate factors 
disrupting the orientation of the aluminum nitride. Therefore, 
the invention gives freedom in configuration and design of the 
piezoelectric element and is highly applicable. 



